Introduction
Superior survival results in major randomized trials (AVID, MADIT, MUSTT, CASH) as well as continued advances in device technology have expanded the worldwide use of implantable cardioverter-defibrillators (ICD) [1] [2] [3] [4] . ICD therapy still suffers from occasional unpredictable device failures including spurious generator discharges [5] [6] [7] [8] [9] . Since ICDs incorporate 'sophisticated' electronic circuitry, they are potentially susceptible to electromagnetic interference. Oversensing electromagnetic interference might cause inappropriate shocks or failure to deliver therapy, whereas inhibition of pacing in pacemaker-dependent patients might result in syncope.
Reviewing the sparse literature on electromagnetic interference generated by digital cellular telephones, one could conclude that clinically significant interactions are absent, although there are some contradictory results from in vitro and in vivo studies [10] [11] [12] [13] [14] . Moreover, it is still unclear whether electromagnetic interference from digital cellular telephones inappropriately inhibits pacemaker-dependent ICD patients [15] and a direct comparison of pre-pectoral and submuscular ICD implantations, including testing at different sensitivity levels, has not been previously performed [16] . Therefore, the present study was initiated to investigate the susceptibility of ICDs to electromagnetic interference generated by digital transmission technology under practical clinical circumstances for different ICD pocket locations, with and without continuous pacing.
Methods

Patients and devices
The study population consisted of 36 randomly chosen patients, 33 men and three women, aged 62 13 (mean SD) years, with transvenous ICD systems. We tested 24 Medtronic (Medtronic Inc., Minneapolis, MN, U.S.A.) and 12 Guidant/CPI (St. Paul, MN, U.S.A.) device systems in either passive or 'active can' versions. We included the Medtronic models Jewel 7219 (n=1), Jewel plus 7220 (n=4) Microjewel 7221 (n=2), 7223 (n= 10), Gem 7227 (n=5) and Gem II 7229 (n=2), and the CPI/Guidant models PRX III 1720 (n=2), Mini I 1742 and 1746 (n=2), Mini II 1763 (n=4), Mini III 1783 (n=1), Mini IV 1790 (n=1), Ventak AV 1810 (n=1) and Ventak AV II DR 1821 (n=1). There were 32 left pectoral and four abdominal (two PRX III and two generator replacements, a Mini I and II) implantations. Among pectoral implants, pulse-generators were implanted in a subcutaneous pocket in 28 patients and in a submuscular pocket in four patients (two Medtronic, models Jewel plus 7220 and two Guidant/CPI models, a Mini I and a Mini II). The lead systems incorporated either one tined (Entotak, Guidant/CPI; Sprint, Medtronic) or screw-in (Transvene, Medtronic) one-or two-coil ventricular lead for pacing, sensing, and defibrillation, or two endocardial leads, comprising an additional superior vena cava defibrillation coil (Transvene or Sprint, Medtronic). Communication, programming and interrogation of the ICD devices was performed via the 9766A programmer for the Medtronic models and the 2901 programmer for the Guidant/CPI models.
We tested two different types of mobile digital telephones; common hand-held personal models (Ericsson 788, Nokia 3210, Motorola 7200) which may have a maximum power of 2 W (range 0.25-2 W) and a portable phone (Motorola 3200), operating at a maximum of 8 W (range 0·5-8 W). We investigated digital transmission technology in both international standards: the Global System for Mobile Communication (GSM, European Standard) functioning in the 890-915 MHz frequency range, and the Digital Cellular System (DCS 1800) working on a frequency of 1710-1785 MHz. The 2-W phones were tested in both GSM and DCS 1800, whereas investigation of the 8-W high output phone was conducted only in GSM.
Study protocol
All patients were examined in the same examining room in the supine position after obtaining verbal informed consent for participation in the study. All tests were conducted with activated ICDs (two or three tachycardia rate zone-configuration), while the programmer head was retained over the ICD device to obtain real-time continuous endocardiac electrograms (in both far-and near-field sources) and event marker telemetry. An ECG lead was also recorded through the programmer. The tests were performed during spontaneous cardiac activity and during continuous VVI or DDD pacing, at a rate of 20 beats . min 1 above the patient's intrinsic heart rate, in order to evaluate possible pacing inhibition as well. Medtronic models were examined at a sensitivity of 0·3 mV and 0·15 mV, and Guidant/CPI models at minimal and maximal sensitivity settings. Tachyarrhythmia detection/redetection rate criteria were programmed at minimal values for the duration or number of intervals required for ventricular tachycardia/ventricular fibrillation detection to simulate the highest sensitivity for inappropriate detection. Detection enhancements were not used. Over-sensing was evaluated during intrinsic heart rate and continuous pacing in either nominal or most sensitive settings.
Electromagnetic interference testing in the standby, the dialling (transmitting) and the ringing (receiving) mode comprised several steps. First, the earpiece of the phone and then the tip of its antenna were placed near the patient's ear, and the phone was subsequently moved close and then directly over the device, and over the ventricular and the superior vena cava electrode coils. When possible interference was detected, the tests were repeated at a long duration of exposure to ascertain reproducibility and distance of interaction, with 5 cm steps over the device or the lead(s).
When applying the phone to the ICD pocket, measures were taken to avoid possible 'shielding' of the ICD by the telemetry wand. This was achieved by placing the phone next to the programmer head. For the Medtronic device, a juxtaposition was sought so that the indicator lights of the telemetry wand would be unaffected. For both Medtronic and Guidant/CPI systems, the phone was also applied directly on the pocket in the absence of the programmer head, and the interference was then assessed by subsequent device interrogation.
Complete system analysis was performed after each test to ensure that the generator was not damaged, that the parameters had not been altered, to determine battery status and pacing lead impedance and thresholds, and to ascertain whether inappropriate tachyarrhythmia detection occurred. To evaluate a possible interaction of the telephone operation with the ICD function during sustained ventricular tachyarrhythmia, the effectiveness of arrhythmia detection and therapy delivery was examined in two patients during the predischarge test with ventricular fibrillation induction and termination, while dialling and ringing.
Results
All patients had R-wave amplitudes above 6 mV and no patient had under-sensing of induced ventricular tachyarrhythmia during intra-operative testing. Post-sense or post-pace over-sensing was not noted in the patients at any highest usable sensitivity level. No problems with ICD function were encountered in any patient after device implantation or during the regular follow-up visits after telephone testing.
The tests were performed in two patients during atrial fibrillation (a pectoral Jewel 7219 and an abdominal Mini I) and in one patient only during VVI pacing because of his pacemaker dependent status (PRX III). None of the patients reported any symptoms, no arrhythmias were induced, and no interaction resulted in inappropriate ICD detection, therapy, reprogramming or pacing inhibition during telephone testing. No form of interference was observed at any distance from the ICD device or at any mode and power of operation, even when the telephone was directly applied to the defibrillator pocket. Detailed reevaluation of the proper functioning of the devices after telephone testing did not reveal any signs of device malfunction.
However, when an activated telephone was placed close to the programmer head or wand, transient loss of telemetry occurred, and narrow pulses resembling pacing artifacts were seen in the telemetered intra-cardiac electrogram, but not in the surface electrocardiogram (Fig. 1) . The Medtronic programmer seemed more sensitive than the Guidant/CPI device for temporary electromagnetic interference because the first showed trains of artifacts in the electrogram when the phone was within 15 cm of the ICD, while the latter demonstrated much less frequent artifacts when the phone was placed directly over the telemetry wand (Fig. 1) . Moreover, in seven patients with Medtronic Jewel models 7219 or 7220 or 7223 (29% of the Medtronic recipients and 19% of the total ICDs), various erroneous marker channel event annotations were noted in the real-time telemetry, with no corresponding QRS on the surface ECG (Fig.  1) . Overall, 19 sensing event markers indicated multiple counting [fibrillation sensing (FS), tachycardia sensing (TS)], as well as generator charging and termination of an arrhythmia [charge delivered (CD) and charge end (CE)]. However, all patients remained asymptomatic and no loss of ventricular capture was observed during VVI pacing. Importantly, interrogation of the device revealed no detected or spontaneously terminated or treated episodes in the telemetered 'Counter Data Reports'. Thus, those real-time event markers probably represented misinterpretations by the programmer of the signal telemetered by the ICD as a result of an adverse interaction between the telephone and the external device. Of the 19 faulty marker channel annotations, 16 (84%) were seen using the GSM technology and three (16%) using the DCS 1800. Overall, 11 (58%) such sensing errors were observed during ringing, and 12 (63%) during VVI pacing. Ten of the 16 (62·5%) erroneous sensed events were caused with the 2-W phones.
During pre-discharge ICD testing, whereby ventricular fibrillation induction was performed to confirm proper ICD function, we had the opportunity to repeat the tests in two patients with Gem II devices, while the phone was held over the generator pocket operating in the dialling and ringing mode. Lack of device-device adverse interaction was thus verified by confirming correct detection and appropriate conversion of ventricular fibrillation in both patients. During telephone operation the duration of the arrhythmia (9 1·4 s), the charge time (3·01 0·29 s), and the energy delivered (18·3 1·55 joules) were similar with the respective parameters during baseline testing (9·5 2·1 s, 3·27 0·32 s, and 18·2 1·13 joules).
Discussion
The importance of correct ICD function, patient care and improved quality of life by assuring insensitivity to electromagnetic interference cannot be over-emphasized. General recommendations for specific behaviour concerning the use of cellular telephones would pose a difficult adjustment in real-life situations, and frequently do not allay uncertainty or anxiety for many ICD recipients and their families. Moreover, although cellular telephones based on digital-system technology have been found to interfere with pacemakers more frequently than do those based on analogue systems, the routine use of digital transmission technology has spread worldwide, due to significant advantages in performance [17] . Focusing on ICD devices, some data suggest that ICDs are not susceptible to electromagnetic interference generated by cellular telephones [11] [12] [13] . However, in the in vitro studies of Bassen et al. [13] and Barbaro et al. [14] , pacing inhibition, firing, reprogramming and false ventricular fibrillation detection were observed using TDMA-50 Hz or GSM telephones. Moreover, in three patients with the ICD model Defender 9001 (Ela Medical, Montrouge, France), Barbaro et al. [14] reported ventricular triggering with the interfering signal in VVI mode, when the GSM antenna was kept within 2 cm of the device, which, however, did not cause false tachyarrhythmia detection. Furthermore, they noted, using a GSM phone in a Phylax 06 ICD device (Biotronic Gmbh & Co., Berlin, Germany), false ventricular fibrillation detection in vivo due to T wave over-sensing, which was not reproducible in vitro, and was ascribed to the decreased sensing threshold as used in the test protocol.
Improving the appropriateness of diagnostic and therapeutic device behaviour while protecting from noncardiac interference, continues to be a daunting but also a considerably advanced engineering challenge. Indeed, in our study, ICD function proved resistant to all forms of telephone interference. There was no ICD device malfunction even under extreme testing conditions by placing the telephone directly on the pulse generator pocket. Even at the most sensitive programmed parameter settings, which allowed the full range of detection and therapy options, no arrhythmia or therapy was detected from the data retrieved from the device memory after any telephone test. Also, the telephone operation during induction of ventricular fibrillation caused no interference with regards to arrhythmia detection and shock delivery. In either case, the electrical shielding of
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Eur Heart J, Vol. 22, issue 15, August 2001 the hermetic metallic shell, the filtering properties of the feed-throughs, the sense amplifiers and the noise protection algorithms of both transvenous and submuscular ICDs effectively filtered the frequencies of the electromagnetic interference generated by digital transmission technology. Our results may also cover the American PCS 1900 system, which is probably less sensitive because it does not have the 2/8 Hz DTX-mode, which may simulate tachycardias [18] . However, we observed noise artifacts and erroneous event markers on the real-time marker channels resulting in 'phantom' arrhythmia detection and shock (Fig.  1) . Since 'pseudo-oversensing' did not result in logging of arrhythmia episodes in the device counter, it can be assumed that the activated cellular telephone can temporarily interact with the programmer head, affecting only the external programmer device, but not the ICD function. According to our testing, the electromagnetic interference effects were restricted to the programmer head and did not involve the programmer itself and/or the escorting cables.
The present results are in agreement with the report by Occhetta et al. [11] , who found GSM phones to be safe for ICD patients, disturbing only telemetry when located near the programming head. Additionally, we also found that DCS 1800 transmission does not adversely affect proper ICD operation, and we documented immunity to electromagnetic interference for pacemakerdependent patients as well, using both international transmission standards. Thus, Medtronic and Guidant/ CPI ICD recipients of the specific models herein tested, should not be fearful when using digital telephones. However, the phones may interfere with the programmers during the follow-up testings and thus physicians and nurses involved in the care and follow-up of ICD patients must always be cognisant of these potential interactions. They are advised to keep digital telephones at a distance of at least 15 cm from the programmer head and not to rely on real-time telemetered marker channels when operating a mobile phone.
Finally, it remains speculative whether our experience and recommendations can be generalized to other pulsegenerators. With the previous contradictory reports in mind, which may indicate subtle, but potentially deleterious interactions, it is hazardous to generalize the electromagnetic interference response to digital telephones among all ICD models. Ideally, meticulous examinations should be carried out in vivo for each different ICD manufacturer and model to exclude possible susceptibility to clinically significant interference.
Study limitations
The transmitting power used by cellular phones is not constant, but depends mainly on the distance to the base station with which the phone communicates, and also on the total number of phones used in the system [18] . There is an inverse relationship between the quality of the signal, which is received by the phone, and the transmitting power. We conducted our tests at a hospital located 5 km from the base station, which is some distance. This was verified by the phones' indicator scales, which showed a constant medium level of signal received. This suggests that the transmitted output power was clearly higher than the minimal value of 0·25 W for the 2-W phones, and higher than the minimal value of 0·5 W for the 8-W phone, which probably reflects real-world daily exposures.
